Shiga toxin purified to near homogeneity from cell lysates of Shigella dysenteriae 1 inhibited protein and deoxyribonucleic acid syntheses in intact HeLa cells. Inhibition was dependent on toxin concentration and time of incubation. A minimal latent period of 30 min was observed with saturating doses of toxin. Ribonucleic acid synthesis, uptake of a-aminoisobutyric acid, and maintenance of intracellular K+ concentrations were not affected until well after maximal inhibition of protein and deoxyribonucleic acid syntheses. The inhibitory effect of toxin was sensitive to heat inactivation and was prevented by antibody neutralization. Several cytotoxic components were separated by polyacrylamide gel electrophoresis of the purified toxin preparation; all inhibited protein and deoxyribonucleic acid syntheses equally.
Shigella dysenteriae 1 produces activities which are lethal to rabbits (23) and mice (28) , enterotoxic in rabbit experimental models (3, 12) , and cytotoxic to several mammalian cell lines (15, 29 ; M. K. Gentry and J. M. Dairymple, submitted for publication). The role of the toxin in shigellosis has not been established, but involvement has been suggested in bacterial invasion of the colonic mucosa, in intestinal cell death (9) , and in the initial diarrheal phase of the disease (12) . The demonstration of toxin in Shigella flexneri (14, 21) and Shigella sonnei (14) and the report of a similar toxin in Escherichia coli RDEC-1 (A. D. O'Brien, M. R. Thompson, J. R. Cantey, and S. B. Formal, Abstr. Annu. Am. Meet. Soc. Microbiol. 1977, B103, p. 32) suggest a broad involvement in diarrheal disease.
Experiments using crude or partially purified preparations have failed to delineate the pathophysiological basis of this toxin. Cavanagh et al. (3) observed vascular damage in intestines after intravenous injection. Inoculation of ligated ileal loops with toxin produces morphological damage (13) and fluid secretion, although the fluid composition is different from that produced after choleragen exposure (12) . In contrast to cholera enterotoxin-induced intestinal secretion, several studies suggest that cyclic adenosine monophosphate does not mediate Shiga toxin stimulation of intestinal fluid and electrolyte secretion (7, 8, 26) . Increased activity of adenylate cyclase from toxin-treated mucosa is observed when a high adenosine triphosphate (ATP) concentration is employed in the assay system (4) . Exposing ileal mucosa to toxin results in an impairment of both sugar transport and amino acid transport, suggesting cytotoxic effects (2) . 98 Preliminary studies have addressed the possible molecular mechanism by which Shiga toxin functions. We have reported previously that Shiga toxin inhibits protein synthesis in intact HeLa cells (J. E. Brown and S. W. Rothman, Fed. Proc. 38:3213, 1979). In addition, toxin has been shown to inhibit mammalian cell-free protein synthesis (27) and cell-free polypeptide chain synthesis in ribosome-enzyme preparations from E. coli and S. dysenteriae (22) . At the moment, studies of cytotoxic properties of Shiga toxin provide the best opportunity for relating molecular events to pathophysiological activities. An understanding of the biochemical mode of action causing cytotoxicity may provide a useful avenue for delineating the role of the toxin in disease. To elucidate the basis of its cytotoxicity, we now investigated the effects of a highly purified Shiga toxin preparation on both macromolecular synthesis and membrane functions in HeLa cells. The results suggest that inhibition of protein synthesis is the primary cytotoxic effect of Shiga toxin on intact HeLa cells.
MATERIALS AND METHODS
Establishment of HeLa cell monolayers. HeLa cell line CCL2 (Flow Laboratories, Rockville, Md.) was adapted at this institute to growth in medium supplemented with fetal bovine serum. This complete growth medium consisted of Eagle minimum essential medium with Earle salts supplemented with 10% heatinactivated fetal bovine serum, 2 mM glutamine, 180 U of penicillin per ml, and 0.18 mg of streptomycin per ml. Fetal bovine serum and Eagle minimum essential medium with Earle salts were from HEM Research, SHIGA TOXIN INHIBITS PROTEIN SYNTHESIS to a concentration of 1.6 x 105 cells per ml in complete medium, and 0.10-ml portions were pipetted into 96-well microtiter dishes (Costar, Cambridge, Mass.). Cells were allowed to attach for 18 to 20 h before experimental use.
Cytotoxicity assay. The extent of HeLa cell detachment was employed as an indicator of cytotoxicity. This was measured by staining with crystal violet dye after overnight incubation ofserially diluted toxin with HeLa cell monolayers in 96-well microtiter dishes (Gentry and Dalrymple, submitted for publication). Then the stained monolayers were dissolved in 50% ethanol-1% sodium dodecyl sulfate. The absorbance at 595 nm of the retained dye was determined either with a spectrophotometer or with a microtiter dish colorimeter constructed by the Division of Instrumentation, Walter Reed Army Institute of Research, from a design provided by Robert Yolken, Johns Hopkins University, Baltimore, Md. A logarithmic plot of absorbance versus dilution of toxin allowed determination of the dilution yielding 50% cell detachment (CD50). With this assay, we defined 1 U of cytotoxic activity (1 CD50) as the amount of toxin resulting in a 50% reduction of the dye retained in a microtiter well. Protein concentrations were determined by the method of Lowry et al. (20) .
Macromolecular synthesis. [5-3H] uridine (27 Ci/mmol; New England Nuclear Corp.) per well. After the cells were washed at the end of the incubation period, they were detached by trypsinization (10 min at 350C), collected on glass fiber filters, and washed with phosphate-buffered saline. After precipitation and washing with cold 5% trichloroacetic acid, precipitates were treated as described above. Recovery of '4C radioactivity was identical by both procedures.
Amino acid uptake. Uptake of a-aminoisobutyric acid (a-AIB) by monolayers was determined in 96-well microtiter dishes. These experiments were carried out as described above for macromolecular synthesis.
After a 2-h incubation in the presence of ['4C]leucine and toxin, 1 jiCi of methyl-3H-labeled a-AIB (25 Ci/ mol; New England Nuclear Corp.) per well in 0.050 ml of incorporation medium was added at 1-min intervals up to 10 min. The plates were chilled on an ice and water slurry, the radioactive medium was aspirated, and the cells were washed three times with ice-cold complete medium. The cells were solubilized by incubation for 30 min at room temperature in 0.10 ml of 0.5 M KOH. After the addition of 0.025 ml of 1% bovine serum albumin, 0.050-ml amounts were withdrawn for measurement of ['4C]leucine incorporation into protein as described above. Additional 0.050-ml amounts were withdrawn from each well, placed in scintillation vials, and treated with NCS solubilizer, and radioactivity was measured in order to determine the extent of 3H-labeled a-AIB uptake by cells. (Fig. 1A , gels 2 and 4), the slow major band was separated into four components. A gel from a preparation such as gel 2 or 4 was sliced, and the toxin from these slices was eluted with 20 mM Tris-hydrochloride-100 mM NaCl-0.02% sodium azide (pH 8.0) at 40C and assayed for cytotoxicity. All four bands contained cytotoxic activity proportional to their staining intensity. Analysis of densitometric tracings of such gels indicated that these active toxin bands represented 93% of the total protein stain. The band shown in Fig. 1A, gel 3 , at the dye front is an artifact from the final ultrafiltration step. After polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate Fig. 2 and 3 (Fig. 4) . Our finding that expected, all macromolecular synthesis continued in a linear fashion in the absence of toxin. Uptake of a-AIB and maintenance of intracellular K' by HeLa cells in the presence of toxin. The observed inhibition of macromolecular synthesis by toxin could have been due to (i) inhibition of amino acid uptake, (ii) loss of cellular K+ or amino acid pools due to gross membrane damage, or (iii) depletion of ATP. To rule out these possibilities, we examined the uptake of a-AIB and the maintenance of K+ in toxin-treated HeLa cells. The rate of 3H-labeled a-AIB uptake was determined in cells preincubated for 120 min with [14C]leucine and toxin (103 0D50/well). From the results (Fig. 5) it is evident that although protein synthesis was completely stopped after 90 min of incubation, a-AIB uptake was not interrupted by toxin. In a separate experiment cell monolayers were exposed to toxin for varying times, and then 3H-labeled a-AIB was added for a 5-min pulse. No significant difference in accumulated 3H-labeled a-AIB was observed from 0 to 150 min of toxin preincubation. Since a high intracellular potassium concentration is maintained by the sodiumpotassium adenosine triphosphatase, changes in K+ concentration can provide a sensitive indication of alterations in metabolic conditions, such as depletion of ATP due to gross membrane damage or inhibition of oxidative phosphorylation. As Table 1 shows, intracellular K+ levels remained constant for at least 120 min after the addition of toxin, well after protein synthesis had completely stopped. These results indicate that Shiga toxin did not cause gross membrane damage or exhaust ATP supplies and that inhibition was not due to loss of precursor pools or interference in the uptake of precursors. Griffin, and M. R. Thompson , submitted for publication). These samples were then used in experiments similar to the one shown in Fig. 2 (Fig. 6) .
To demonstrate that all four toxin bands in our preparation (Fig. 1A, gels 2 and 4) showed cytotoxicity as well as inhibition of protein and DNA syntheses, the following experiment was carried out. A 40-Itg amount of toxin was subjected to polyacrylamide gel electrophoresis for twice as long as required for the dye marker to reach the bottom of the gel. The gel was sliced into 1-mm slices, and the toxin was eluted from individual slices. Eluants tested for cytotoxicity were further tested for their ability to inhibit incorporation of [4C]ileucine and [3H]thymidine.
As Fig. 7 shows, incorporation of both substrates was inhibited simultaneously by all four cytotoxic peaks. The inhibitory activity correlated with the position of the protein-stained bands, Toxin-negative controls containing antiserum diluted 1:20 incorporated 9,180 360 dpm/ well (n = 6). Toxin-treated controls without antiserum incorporated 3,070 ± 70 dpm/well (n = 6). Percentages were calculated by using the difference between these control values as 100%. Each point represents three determinations. icity and the ability to inhibit macromolecular synthesis exist in the same protein moiety.
DISCUSSION
The purpose of this investigation was to elucidate the basis of the cytotoxicity expressed by Shiga toxin in intact HeLa cells. The sequence of some events that may cause cytotoxicity (cell death) was studied. We observed that toxin inhibition of macromolecular synthesis followed a definite sequence. Although inhibition of protein synthesis and inhibition of DNA synthesis appeared to be concurrent, the primary effect of toxin was most likely on protein synthesis. Our data do not clearly resolve the relationship between inhibition of protein synthesis and inhibition of DNA synthesis; however, at high doses a slight residual incorporation of (18) , ricin (19) , and emetine (11) . All are known to inhibit specifically protein synthesis, although recent work indicates that ricin can also inhibit DNA polymerase both in whole cells and in a cell-free system (1) . No inhibition of RNA synthesis by toxin was observed, even with the high concentration of toxin used, up to 75 to 90 min; this was well after protein and DNA syntheses had ceased in these cells. It is clear, therefore, that inhibition of protein synthesis by toxin cannot be attributed to inhibition of RNA synthesis. We suspect that this inhibition of RNA synthesis may result from inhibition of protein or DNA synthesis.
The decreased incorporation of ['4C]leucine that we observed could have occurred from depletion of intracellular amino acid pools or from inhibition of cellular energy metabolism. Because no change in 3H-labeled a-AIB uptake was observed even after complete cessation of protein synthesis, amino acid depletion was unlikely. Shiga toxin did not have a direct effect on cellular energy metabolism. This conclusion is supported by the findings from our study of intracellular K+ levels in toxin-treated cells. Since high intracellular K+ levels are maintained by the Na+K+-adenosine triphosphatase system, any depletion of cellular ATP would result in a rapid decrease in intracellular K+ concentration. Intracellular K+ levels were unchanged until after complete cessation of protein synthesis, suggesting that neither inhibition of ATP pro- (5) . Abrin, ricin, and modeccin inhibit protein synthesis by inactivation of the 60S ribosomal subunit (25) . The mechanism of action of Shiga toxin has not been resolved, but early studies showed that the addition of exogenous oxidized nicotinamide adenine dinucleotide to cell-free lysates containing Shiga toxin causes no additional inhibition (27) . In recent experiments with wheat germ extracts, no adenosine diphosphate ribosylation activity was detected using purified toxin (7 ,Ig/ml), either untreated or after pretreatment with trypsin or urea and dithiothreitol (J. E. Brown, S. H. Leppla, and S. W. Rothman, unpublished data).
The data indicate that inhibition of protein and DNA syntheses is the basis of the cytotoxic activity of Shiga toxin. Interpretations of the reported pathophysiological effects of toxin must now take into account these molecular phenomena. The role of Shiga toxin in bacillary dysentery, for which bacterial invasion is the recognized hallmark of the disease (16), remains unclear. However, cytotoxicity at the subfemtogram level of toxin per mammalian cell implies that Shiga toxin could be an effective virulence factor during the disease process.
